[1] We utilized teleseismic receiver function techniques complemented by active source refraction seismology to study the crustal structure and continental rift processes responsible for the development of the northwest corner of the Basin and Range province in northwest Nevada. Our passive seismic array of 28 short-period stations, spanning 70 km west to east, and 5 broadband USArray transportable array stations that extended our aperture to 230 km provided data on crustal properties independent of the results of our active source refraction experiment. Combining data from the two experiments provides better constraints on Moho depth, V p /V s ratio, and the structure and composition of the crust beneath the northwestern Basin and Range province than possible from either experiment alone. Our new data indicate Moho depths that vary from 29.5 on the east to 36.5 km in the west along the passive source array and V p /V s ratios that systematically span a wide range from 1.68 to 1.83. Velocity modeling of data collected from the 300 km, wide-angle refraction/reflection survey provides comparable Moho depths of 32-37 km under the same region. Decreasing V p /V s is correlated with decreasing crustal thickness, with V p /V s ratio > 1.80 in northeast California and V p /V s < 1.74 in the thinner crust of the Basin and Range province. We associate the high V p /V s of northeast California with mafic additions to the crust during formation of the Modoc Plateau in a region of accreted Paleozoic island arc terrans similar to those exposed in the eastern Klamaths and northwestern Sierra Nevada. Unusually low V p /V s in conjunction with low absolute V p and V s is observed beneath the central part of our array and may be due to the roots of the Sierra Nevada batholith, now dismembered by Basin and Range faults. Back azimuthal stacking of our receiver function data suggests a northwest oriented crustal anisotropy fast direction beneath this region, parallel to the northwest to southeast oriented Cenozoic extension experienced by the Basin and Range province and suggestive of a similar flow direction in the middle to lower crust.
1. Introduction
Regional Tectonic History
[2] The Basin and Range province of western North America is one of the best regions in the world for the study of processes related to continental rifting. It is a broad and elevated region of intracontinental stretching with high heat flow [Blackwell et al., 1991] extending in a ''wide rift '' mode [e.g., Buck, 1991; Thatcher et al., 1999] between the stable blocks of the Sierra Nevada to the west and the Colorado Plateau to the east. It is also a region underlain by relatively thin crust despite seismic and petrologic evidence for mafic underplating during rift-related magmatism [e.g., Klemperer et al., 1986; Christiansen and Yeats, 1992] .
[3] As part of the tectonic evolution of the North American Cordilleran, northwest Nevada has had a complex tectonic history. In Late Proterozoic or earliest Paleozoic time, breakup of the supercontinent Rodinia [e.g., Dalziel, 1997] led to the development of a west facing passive margin at the rifted edge of Precambrian continental crust. This rifted edge has commonly been located through north central Nevada using the 0.706 isopleth of initial 87 Sr/ 86 Sr ratios [Kistler and Peterman, 1978; Kistler, 1990] (Figure 1 ).
[4] During the Late Devonian to Early Mississippian Antler orogeny, coeval eugeoclinal siliciclastic rocks were thrust eastward over rocks of the continental shelf. Accretion of oceanic terranes continued during the late Permian to Early Triassic time during the Sonoma orogeny [Miller et al., 1992] . The Sonoma orogeny culminated in the accretion of oceanic terranes and the establishment of an active continental margin west of Nevada [Burchfiel et al., 1992] . Deformation, crustal thickening, and magmatism related to the active continental margin to the west continued during Mesozoic time [Burchfiel et al., 1992] .
[5] Predominantly Cretaceous granitic plutons similar to the presently exposed Sierra Nevada batholith intruded the Paleozoic and early Mesozoic rocks of northwestern Nevada. These plutons are believed to be contiguous with the main Sierra Nevada batholith [Burchfiel and Davis, 1975; Wyld and Wright, 2001] . The Cretaceous Sierra Nevada batholith is a magmatic arc emplaced into an older metamorphic framework, broadly along the line separating Paleozoic and Mesozoic oceanic terranes to the west from North American Proterozoic lithosphere to the east [Burchfiel and Davis, 1975] .
[6] The beginning of Tertiary time marked a transition to extensional tectonics, characterized primarily by magmatism, regional uplift, the formation of the northern Nevada rift, and widespread development of tilted fault blocks and intervening valleys (Basin and Range features) in the late Tertiary [Christiansen and Yeats, 1992] .
[7] Basin and Range extension in northwestern Nevada is relatively younger (<12 Ma), and smaller in magnitude (<20%) [e.g., Colgan et al., 2006] compared to the central portion of Nevada (<30 Ma) which extended (50 -100%). Basaltic volcanism began to dominate this region about 16-17 Ma [Pierce et al., 2002] . Beginning $8 Ma and continuing to the present, magmatism has migrated to the margins of the Basin and Range province [Parsons, 1995] while NW-SE extension, characterized by high-angle block faulting, dominates in the northwestern and central Basin and Range [e.g., Parsons, 1995] .
Previous Shear Wave Speed Measurements
[8] Only the gross shear wave structure of the crust and upper mantle of the northern Basin and Range province has been determined on the basis of regional surface wave phase velocity data inversions [e.g., Brune, 1978, 1982; Priestley et al., 1980; Taylor and Patton, 1986] . In contrast, modern reflection and refraction profiles have revealed more details of compressional wave crustal structure [e.g., Klemperer et al., 1986; Allmendinger et al., 1987; Potter et al., 1987; Holbrook, 1990; Catchings and Mooney, 1991; Lerch et al., 2007] . One-dimensional shear wave structures obtained from the inversion of receiver functions have the potential to offer vertical and horizontal resolution comparable to the compressional wave structures obtained from refraction studies [Zandt and Owens, 1986] . At a given frequency, shear waves have shorter wavelengths than compressional waves and thus maintain higher resolution; a crustal shear wave with a dominant frequency of 1 Hz is influenced by layers as thin as 1 km [Owens, 1987] . Shear waveforms also display stronger anomalies than compressional waveforms because of seismic anisotropy, fluids and fractures in crustal rocks, and partial melt in the upper mantle. With high-quality receiver functions, these aspects Large white circles are short-period recorders numbered EQ1 to EQ29. Small white squares are seismographs for the refraction line (typically spaced at $300 m, so white squares form a continuous line). Gray dashed line is the Mojave-Snow-Nevada-Idaho Shear Zone (MSNI) [Wyld and Wright, 2001] . Black dashed line is Sr 87 /Sr 86 0.7040 and 0.7060 isopleths [Pierce et al., 2002] . Qv and white line are Quaternary volcanics of the Modoc Plateau. Thin black lines are normal faults with balls on the downthrown side. The inset map locates the project area with respect to the California/Nevada/Oregon state map, the Sierra Nevada and Idaho batholith and the Klamath mountains (crosshatched).
of the crust can be studied in more detail than the P wave data alone.
[9] Better crustal composition inferences can be made from the V p /V s ratio and its derived elastic parameter s (Poisson's ratio) than by utilizing compressional or shear velocities separately. This has been effectively demonstrated by laboratory experiments [e.g., Kern, 1982; Christensen, 1996] . Christensen [1996] recognized the difficulty of obtaining good resolution of s based on V p and V s derived from refraction experiments, despite some studies that have shown good agreement of laboratory and refraction velocity data [e.g., Salisbury and Fountain, 1993] . Experimental data [Kern, 1982; Christensen, 1996] show s mainly depends on rock composition rather than on P-T conditions [Tarkov and Vavakin, 1982] , although some studies [e.g., Christensen, 1996] have shown that increasing metamorphic grade has a significant effect and increases V p /V s . Fluid phases and partial melts also have a significant influence in reducing seismic velocities, as shown by Watanabe [1993] for ultramafic rocks.
[10] Values of V p /V s for common crustal and mantle rocks lie between 1.73 and 1.87 (s between 0.25 and 0.30), except for four lithologies: serpentinite (2.08), anorthosite (1.9), granite-granodiorite (1.66), and quartzite (1.5) [Christensen, 1996] . Experimental data [Kern, 1982; Christensen, 1996] show V p /V s increases as quartz content decreases from granite to gabbro. V p /V s decreases as rocks become ultramafic in composition as plagioclase content decreases. Both V p and V s increase with increasing proportion of mafic minerals such as amphibole, pyroxene and olivine.
[11] An early global compilation of average values of crustal V p /V s ratio from receiver function analysis of teleseismic data [Zandt and Ammon, 1995] found V p /V s = 1.78 and 1.83 (s = 0.27 and 0.29) for platforms and shields, respectively. V p /V s for Mesozoic-Cenozoic orogenic belts is lower, $1.73 and the highest values, $1.91, were found for island arcs [Zandt and Ammon, 1995] . Ramesh et al. [2002] obtained average V p /V s values of 1.76 (s = 0.26) for both the North American Cordillera and for Archean domains of Canada and concluded that s may be less dependent on crustal age than on the composition and processes involved in the crust formation.
Receiver Function Methodology
[12] With the receiver function technique, teleseismic body waves are used to image crustal structure beneath individual seismic stations. These waveforms contain information related to the earthquake source time function, its propagation through the mantle, and local structures beneath the recording site. The resulting receiver function is obtained by removing the effects of source function and its path through the mantle.
[13] The basis of this method is that part of the P wave signal from distant events that is incident on a discontinuity in the crust or upper mantle will be converted to S waves (Ps) that arrive at the station shortly after the direct P wave. Because the S waves travel more slowly than the P waves, the depth of the discontinuity can be calculated from the time difference in the arrival of the direct P wave and the converted phase (Ps), provided that the velocity structure is known. Extracting these converted phases from the P wave coda requires several processing steps, including rotation into the ray coordinate system, deconvolution [Phinney, 1964; Vinnik, 1977] and stacking of the receiver functions [Zhu and Kanamori, 2000] . Variability in Ps delay time and amplitude among stations carries useful information about the lateral variation of crustal properties or anisotropy.
New Seismic Data
[14] In this study we used 8 months of teleseismic data recorded on 29 PASSCAL seismographs equipped with L22 (2 Hz) sensors spaced at $2.5 km spanning a total distance of $70 km, supplemented by data from the 4 closest USArray transportable broadband stations and one Berkeley digital station (Figure 1 and Table 1 ). The PASSCAL recorders were embedded within a 300 km controlled source refraction profile described by Lerch et al. [2007] . 480 teleseismic events were recorded, of which we utilized those 290 events with an epicentral distance from 30°to 110°and magnitudes >5.5 (Figure 2 ). We computed receiver functions using a time domain iterative deconvolution algorithm [Ligorria and Ammon, 1999] . The typical frequency range recorded by our short-period instruments was 0.5 -10 Hz and the dominant frequency is 2 Hz. We applied band-pass filtering from 0.2 to 2 Hz to the short -period waveforms and from 0.1 to 2 Hz for the broadband USArray data. Following testing of Gaussian filter values from 2 to 10 [Langston, 1979] we computed about 4000 receiver functions using Gaussian values of 2.5 for the broadband data and Gaussian values of 5 for short-period data. We visually inspected each receiver function, sorting them by back azimuth (Figure 3b ) and incident angle ( Figure 3c ) and comparing them with neighboring stations. Receiver functions with weird shapes and amplitudes on either radial or tangential components were discarded. We finally utilized a total of 1042 receiver functions for the 28 short-period stations and 309 receiver functions for the 5 broadband stations, and for each receiver made stacked sections for all events as a function of both back azimuth and slowness (e.g., Figure 3) .
[15] The Ps Moho phase is clearly visible on all radial receiver functions at all back azimuths. For example in station M07A (Figure 3b ) it occurs at a delay time of $4.1 s at most azimuths and becomes a doublet for receiver functions from events from southeasterly back azimuths. Meaningful back azimuthal variation can only be assessed for the USArray stations that have the largest number of earthquakes. A similar variation with a doublet Moho for arrivals from the southeast is seen for stations M06C and M08A, but is not present on MOD. Its existence cannot be assessed for our other stations. Variability in Ps delay time and amplitude among stations carries useful information about the lateral variation of crustal properties or anisotropy. For example, simple station stacks across the short-period recorders show larger delay times for the western stations ( Figure 4 ). There is also noticeable amplitude and frequency change, both for direct P, and for the Moho conversion, between stations EQ12 and EQ10 presumably due to laterally varying geology (EQ11 recorded no useful data). The difference in sharpness of the Moho conversion could be due to changes in the gradient of velocity change with depth or could possibly be due to interference of other arrivals with the Moho arrival making it look broader on some of the eastern stations (Figure 4 ).
Receiver Function Inversion
[16] Receiver functions can be inverted for shear velocity structure under a given seismic station [Ligorria and Ammon, 1999] by minimizing the difference between observed and synthetic receiver functions [Ozalaybey et al., 1997] . Because there is no guarantee that a unique inversion result will be obtained, using available a priori information is helpful in constraining the solutions. We utilized two inversion techniques, the Zhu and Kanamori [2000] ''H-k'' stacking algorithm and the neighborhood algorithm technique of Sambridge [1999] , to derive constraints on crustal velocities for our study area. In both techniques we have implicitly assumed an isotropic seismic structure of the crust and upper mantle composed of flatlying planar interfaces.
H-k Stacking
[17] We employed the H-k stacking algorithm of Zhu and Kanamori [2000] for simultaneous determination of crustal thickness (H), and V p /V s ratio (k). This algorithm stacks the Figure 3c represent arrival times of the Moho Ps and its multiples PpPs and PsPs + PpSs calculated for a 32.5 km thick crust and P wave velocities from wide-angle refraction data [Lerch et al., 2007] . Data in Figure 3c are binned and stacked within ray parameter increments of 0.002. The right vertical axis shows the average delta in each bin and number of receiver functions used in each ray parameter bin. amplitudes of receiver functions at the predicted arrival time for the Moho conversion (Ps) and its multiples (PpPs and PpSs + PsPs, see Figure 3c ) for different crustal thicknesses and V p /V s ratios ( Figure 5 ). The advantage of this method is that there is no need to subjectively pick the arrival times of the direct conversion from the Moho and its multiples.
[18] At all five broadband stations, the Moho P-to-S converted phase Ps and its multiples PpPs and PpSs + PsPs can be clearly identified. For many of the short-period data, it is difficult to see the multiple phases clearly, presumably because of the reverberations in the sedimentary section and other high-frequency noise. At some of the stations, these basin reverberations obscure the Moho converted phases and prevent accurate determination of crustal thickness beneath these stations. We classified stations on the basis of the quality of the original receiver functions (Table 1) . Those in category A (four USArray stations, one permanent Berkeley station and six short-period stations) display a clear Moho Ps conversion in the time window of 3.5-5 s, and also show the two multiples PpPs and PpSs + PsPs near the predicted arrival times (calculated using V p /V s = 1.73; see Figure 3c for example). For most of the category A stations, a well-defined peak on the H-k plot is consistently observed, and therefore both H and V p /V s can be determined with high confidence. The 11 category B stations show clear Ps but only one of the multiples PpPs or PpSs + PsPs, so an optimal pair of (H, k) is less well determined. Even though we don't see the multiples as clearly as in category A stations, the results of nine of our category B stations agree well with the neighboring category A stations. For two stations in category B (EQ20 and EQ18) ( Table 1) we had difficulty in finding optimum stacking parameters so we fixed the V p /V s at the value found for the intervening station (EQ19) for our estimation of Moho depth. For the 12 stations in category C, only the Ps but none of the multiples can be clearly observed, therefore H and k cannot be independently determined and are not shown in Table 1 .
Velocity Depth Modeling via Neighborhood Algorithm
[19] The method applied here is a nonlinear inversion scheme, which requires a starting model that is iteratively improved using a sequence of relatively thin layers with a gradual increase or decrease of the velocity. For our initial V s model, we used the average P wave velocity from the center of our refraction study [Lerch et al., 2007] divided by 1.73 (assuming Poisson's ratio of 0.25) for all stations. Tests using different V s (z) starting models based on lateral variability of the refraction profile did not yield significant variations in the inversion.
[20] Before applying the inversion process, at each station the receiver functions were stacked for all available earthquakes to maximize the signal-to-noise ratio. We used receiver functions calculated from 5 s prior to the direct P wave arrival to 25 s after it. These time intervals include all crustal and lithospheric conversions as well as the strongest multiples. The observed receiver functions are inverted for the seismic velocity structure under each recording station using a neighborhood algorithm (NA) [Sambridge, 1999] . Each starting model is described by six layers with 24 parameters, the S velocity at the top and bottom of each layer, the thickness of the layer and the V p / V s ratio for the layer. Velocity gradients across each layer are represented by a ''staircase'' of uniform layers to aid the computation of the synthetic waveforms using a layer matrix method as in the work by Shibutani et al. [1996] . This neighborhood algorithm searches for the structure that produces a synthetic receiver function most closely fitting the observed waveform. It is an efficient method because the models tested are based on the results of previous models, so that more promising regions of the solution space are examined in more detail. In each iteration, 20 models are generated and synthetics are calculated for each. Then in the next iteration 20 new V(z) models are generated in the same way but now based on the best fitting model from the previous iteration.
[21] Progressive iterations of the neighborhood algorithm lead to a reduction of the misfit between the observed and synthetic waveforms, but overfitting the data leads to velocity depth functions that fluctuate wildly with depth. For our final models, we ran at least 500 iterations (10,000 V(z) models), then used visual inspection of additional iterations to stop the fitting process before the higher degree of fit led to seemingly implausible velocity depth functions. We modeled 1-D crustal structure below each station. Figure 6 shows the final velocity depth model obtained after 550 iterations of the receiver function inversion for our short-period station EQ3 (see Figure 1 for location) . Note that even within the short-period array, spanning just $70 km west to east, we observed variation in Moho delay times. MSNI; Mojave-Snow-Nevada-Idaho shear zone.
[22] Receiver function inversions for shear wave velocity structure are nonunique as there is little absolute velocity information contained in the receiver functions, leading to a trade-off between velocity and depth. Inverse modeling is often affected by thin layers [Xu et al., 2007] making it difficult to fit all the observed phases on the receiver function waveform. Although a combination of receiver function with surface wave phase velocity data [e.g., Ozalaybey et al., 1997] should yield better absolute velocity information, for this study and for comparison with our wide-angle data we relied on the results of receiver functions alone.
Resolution and Uncertainty Estimates
[23] The horizontal resolution of receiver functions, that is, the area around the conversion point sampled by a receiver function, depends on the radius of the first Fresnel zone of the incident P wave [Sheriff and Geldart, 1995] . For a crust-mantle boundary at 32 km depth and average crustal velocity of V s $ 3.7 km s -1 , the radius of the corresponding Fresnel zone (assuming an incident P wave with a frequency of 0.3 Hz) is $20 km. Our vertical resolution based on the quarter-wavelength criterion [Sheriff and Geldart, 1995] is $3 km.
[24] Uncertainty in crustal thickness and V p /V s ratio from the Zhu and Kanamori [2000] grid search algorithm is on average < ± 1 km and < ± 0.025, respectively (Table 1) , when defined as the region of H-k space in which stacked amplitude is >95% of the maximum. An additional source of uncertainty could come from uncertainty in the average crustal P velocity that is required as an input for the algorithm. For consistency, we assumed V p = 6.3 km s -1 for all stations on the basis of refraction data [Lerch et al., 2007] . The true average crustal P velocity for different stations may vary by ±0.2 km s -1 , corresponding to a change of crustal thickness of ±0.5 km.
Data and Results
[25] We processed data from 29 short-period stations and 5 broadband stations in our study area. Results of H-k stacking and velocity depth modeling of data are presented below.
Crustal Thickness and V p /V s Ratio
[26] For our study area, the V p /V s values from H-k stacking range from 1.68 to 1.83, with a mean of 1.76, and the crustal thickness ranges from 29.5 to 36.5 km, with a mean value of 33.0 km. Even the central short-period array alone, just $70 km array length, shows V p /V s ratio varying from 1.68 to 1.76 and crustal thickness that varies from 30.5 to 34.0 km. Table 1 lists individual results and shows that the magnitude of the spatial variations of the parameters is significantly larger than the estimated uncertainty of most of the individual measurements, suggesting that lateral variation in properties is well constrained. Adjacent short-period stations yield crustal thickness and V p /V s estimates that overlap almost ubiquitously within error as expected given their small lateral spacing comparable to the seismic wavelength.
[27] Using the neighborhood algorithm, crustal thickness beneath the western stations MO6C and MOD is 34.5 and 36.5 km with V p /V s ratios of 1.78 and 1.72 for the upper crust and 1.78 and 1.78 for the lower crust, respectively. At the eastern two USArray stations, we derive crustal thicknesses of 31 km and 30.5 km at M08A and M09A, respectively (Figure 7 ). Inverse modeling of the receiver function waveforms using the neighborhood algorithm and the Zhu and Kanamori method show comparable crustal thickness estimates for most of our stations (Figure 8 ). Applying the neighborhood algorithm is however advanta- Figure 5 . Example of the application of the Zhu and Kanamori [2000] H-k method at USArray broadband station M07A and short-period station EQ19. Contours are relative amplitudes normalized to the maximum stack value. The 95% contour is taken as our estimate of uncertainty in the picked value of H (mean crustal thickness) and k (mean crustal V p /V s ). geous as it provides 1D variation of S velocity structure along with the variation of V p /V s with depth.
Regional Average and Spatial Trends in H and V p /V s
[28] The spatial variations in V p /V s are reasonably coherent across our study area, with eastern stations (on thinner crust) showing lower values than the western stations ( Figure 8a and Table 1 ).
[29] We compared the bulk crustal properties determined from our H-k analysis with global compilations of V p /V s . Christensen and Mooney [1995] constructed a model of crustal petrology versus depth based on an extensive compilation of seismic profiling in conjunction with laboratory measurements of V p . This model ranges from V p /V s of 1.74 in the upper crust to 1.81 in the lower crust, with an average value of 1.78. Our range of mean crustal values from 1.83 to 1.68 could be taken as showing a varying crustal composition from basaltic 50% SiO 2 to granitic 70% of SiO 2 [Christensen, 1996] . Although some studies of V p /V s [Zandt and Ammon, 1995] , have suggested V p /V s increases with tectonothermal age, our highest V p /V s is observed in the youngest, westernmost crust (Figure 1 ), which must therefore be due to compositional effects (more mafic material) unrelated to age.
Comparison with Wide-Angle Refraction Data
[30] Passive array seismic data complement active source, wide-angle reflection/refraction profiling in several ways. Structures interpreted from teleseismic data are quite local to the array; refraction and wide-angle data entail potentially greater lateral ambiguity because of horizontal raypaths [Jones and Phinney, 1998 ]. Receiver functions yield information primarily about S wave velocity contrasts, thus leading to the possibility of inferring models of the crustal V p /V s ratio when combined with wide-angle reflection/ refraction surveys that typically are dominated by P wave arrivals.
[31] In order to make comparisons of our receiver function crustal models with existing models from refraction profiles, we used our V p /V s ratio and our 1-D V s velocity structure to calculate the P wave velocity beneath our 10 quality A stations. Figure 8c shows our resulting 1-D P wave velocity structure beneath these stations, which is broadly consistent with the refraction velocity [Lerch et al., 2007] though our receiver function inversions tend to model higher velocities in the lower crust, vertically smearing out the crust-mantle velocity transition compared to the refraction model. Where the correlation between receiver function model and wide-angle models is poor, the mismatch could be due to differences in crustal structure between the location of the seismic stations and the projection point on the wide-angle model as our western stations are up to $40 km north and south of the refraction line. More over, station spacing for the refraction survey is dense (100 m) whereas our short-period receiver function data was collected at $2.5 km station interval hence wide-angle velocities are better resolved at the array center.
Composition of Crust Beneath Northwest Nevada
[32] We use our results described above to better constrain the composition and to discuss the evolution of the crust beneath the northwestern Basin and Range province. On the basis of the S velocity structure derived for our category A stations, we first divide the crust beneath this region into three layers (Figure 8b ). Because there is no clear jump in velocities or change in gradient that is consistent between stations, we chose lines of equal velocity to divide the crust into layers. Our ''upper crust'' defined by a range in values of V s of 2.8 V s 3.2 km s -1 extends from 2 km to $10 km depth. We omitted the uppermost 2 km from our analysis to avoid or at least reduce the effect of sedimentary rocks. Our ''middle crust'', defined by 3.2 < V s 3.8 km s -1
, extends from $10 to $23 km, and our deepest layer, the ''lower crust'', defined by 3.7 < V s 4.0 km s -1 , lies roughly between 23 and 35 km.
[33] We compare our interpreted V s and V p /V s ratio at each station with laboratory measurements of Christensen [1996] . When comparing laboratory data collected at room temperature with field-based measurements it is important to make pressure and temperature corrections. Changes in crustal seismic velocity as a function of temperature and pressure are generally assumed to be of the order of Figure 7 . One-dimensional receiver function inversion results at five broadband stations west of ((a) MOD and (b) M06C), within ((c) M07A), and east of ((d) M08A and (e) M09A) the short-period array. For station M07A the brown line is the 1-D inversion using only the SE back azimuths where we observed a Moho doublet (Figure 3b ). For additional explanation, see Figure 6 . MPa À1 for crustal rocks [Rudnick and Fountain, 1995] . No pressure correction was necessary because the laboratory measurements of Christensen [1996] are reported for appropriate confining pressures. Figures 9a, 9b and 9c show plots of V p /V s versus V s for a wide variety of crustal and mantle rocks [Christensen, 1996] that might exist within our defined upper, middle and lower parts of crust, respectively, measured at 200, 600 and 800 MPa and corrected to temperatures of 300, 600 and 900°C.
[34] V p /V s and V s for our quality A stations for the upper crust (Figure 9a ) are grouped fairly tightly. There is a tendency toward higher values of V p /V s for the westernmost stations and eastern most stations, and the lowest V p /V s value is observed at station EQ3. Our data for the upper crust show velocities and V p /V s ratios lower than expected even for granites and metasedimentary rocks and may suggest the presence of sedimentary rocks [Brocher, 2005] below 2 km depth, or unusually quartz-rich basement lithologies. It is possible, but less likely, that the low observed V s is caused by temperatures significantly above the 300°C that we used for the correction of seismic velocities.
[35] Our data show that both V p /V s and V s tend to increase with depth, characteristic of more mafic lithologies, and also show a consistent variation from west to east (Figures 8a, 9b and 9c ). For our western stations (MO6C, MOD and EQ29) we interpret an intermediate to mafic [Lerch et al., 2007] . Receiver function velocities are V s (z) multiplied by V p /V s (z), both taken from the neighborhood inversion (e.g., Figure 7 ). Dashed line (cone) beneath station M09A represents the actual sampled region for the receiver function results. middle crust (diabase to mafic granulite) and a mafic lower crust (mafic granulite to gabbro). In contrast, the central stations show unusually low V p /V s throughout the crust, both from the H-k stacking and from the layered neighborhood inversion. In particular, stations EQ3 and EQ7 have V p /V s ratios that lie in the lowest decile of the global survey of data by Zandt and Ammon [1995] . These stations sample a region of thickened upper and middle crust (Figure 8b ) that also has unusually low upper crustal V p from our wideangle data (Figure 8c ). We follow Lerch et al. [2007] in suggesting that the low V p , low V s and low V p /V s in this region mark the location of the Cretaceous Sierra Nevada felsic batholith in the subsurface. Immediately west of the low-velocity region we see a change in Moho character between EQ10 and EQ12 (Figure 4) . We speculate that the change in Moho character may be related to the MojaveSnow-Nevada-Idaho (MSNI) shear zone that acted as a major strike-slip fault accommodating several hundred km of offset in early Cretaceous time [Wyld and Wright, 2007] that outcrops just 10 km east of EQ10 [Wyld and Wright, 2001] (Figure 1 ). We recognize that this interpretation is potentially at odds with nearby data thought to show widespread Cenozoic magmatic or structural overprints of older features [e.g., Klemperer et al., 1986; McKenzie et al., 2000] . Nonetheless, the MSNI may broadly be following the line of the Sierra Nevada-Idaho batholith system, that as an active arc would have been a relatively weak zone inboard of the continental edge in Cretaceous time.
[36] Just 40 km to the west there is a significant increase in V p /V s between EQ19 and EQ23 (Table 1 ). All our category A stations yet further west have V p /V s close to or in excess of the continental average (V p /V s $ 1.77), with the two western stations (MOD and MO6C) showing the highest values. It is possible that the high V p /V s values represent mafic additions throughout the crust associated with the young basalts of the Modoc and Sheldon plateaus, though there is no evidence for such additions increasing to the west, and the Tertiary volcanic outcrop of the Sheldon Plateau also extends east across the area of low V p /V s seen on EQ7 and EQ3. A likely alternative explanation is that the mafic rocks represented by the high V p /V s ratios are part of accreted Paleozoic island arcs similar to those exposed in the eastern Klamath and northwestern Sierra Nevada. If so, mafic arc terranes may form the basement to a broad region of northeast California and northwest Nevada [Dickinson, 2000] .
[37] Even though the orientation of our array was designed to assess variation of crustal properties from west to east, studying the back azimuthal variation of receiver functions allowed us to identify a Moho doublet from the SE back azimuth (e.g., Figure 3b ). Neighborhood algorithm modeling of receiver functions from this azimuth suggests a 5-7 km thick lower crustal layer with V s $4.1 km s À1 (Figure 7c ). This layer is perhaps related to the discrete lower crustal ''7.x'' km s À1 layer, commonly attributed to the presence of magmatic underplating [e.g., Catchings, Figure 9 . Plots of V p /V s versus V s for laboratory measurements and our data. Black stars are data from Christensen [1996] . Open and filled circles are our inversion results for short-period and broadband stations, respectively, for (a) the upper crust, (b) the middle crust and (c) the lower crust. Three ellipses show the range of properties in western (W, blue line), central (C, gray line) and eastern (E, red line) stations, respectively. Gray arrows on the plot show trends due to sedimentary and quartz-rich lithologies. Three-letter abbreviations are rock names used by Christensen [1996] . Cross in Figure 9b shows typical range of values of V s and V p /V s for rock samples grouped into a particular named category by Christensen [1996] and also serves as an estimate of uncertainty for our individual measurements.
1992] and to a zone of enhanced near-vertical reflectivity at the base of the crust [Klemperer et al., 1986] . Although Lerch et al. [2007] limited the thickness of this lower crustal layer to <3 km from amplitude modeling of our wide-angle refraction data, our broadband stations recorded Moho conversions up to $30 km offline, thus sampling the lower crust significantly away from the refraction line.
Moho Dip and Crustal Anisotropy
[38] Thus far we have implicitly assumed an isotropic seismic structure of the crust and upper mantle composed of flat-lying planar interfaces. Clearly these assumptions are imperfect [Ammon, 1992; Bank and Bostock, 2003; Savage, 1998; Vinnik and Montagner, 1996] . Predictable back azimuthal variations in timing and amplitude of teleseismicconverted phases allow recognition of more complicated features such as dipping interfaces or anisotropic fabrics. In particular, any departure from an Earth consisting of flat homogenous isotropic layers should produce significant tangential energy that can be explained by planar dipping interfaces or anisotropy [Langston, 1977] .
[39] We calculated the transverse receiver function in the same manner described previously for the radial receiver functions, but this time we deconvolved the transverse component from the vertical. Our data has observable tangential energy, albeit significantly lower amplitude than the radial component (Figure 10) . To understand the effect of dip and anisotropy on our receiver functions, we compared radial and tangential receiver functions at different back azimuths (Figure 10 ).
[40] In our data, modest amplitude tangential energy slightly advanced in time from the radial energy is typically observed for events arriving from southwestern back azimuths (Figures 10a and 10b ) whereas minimal tangential energy is observed for events coming from northwest azimuths (Figures 10g and 10h ). This would suggest that the axis of anisotropy is oriented roughly NW-SE (Figure 10c) . Although the magnitude of extension in our region is small at the surface [Colgan et al., 2006] , it has a similar fast direction to that recognized $100 km south of our array [McNamara and Owens, 1993] . This fast direction is likely due to an anisotropic crustal fabric caused by lower crustal flow driven by NW-SE oriented Cenozoic extension [e.g., Parsons, 1995] .
[41] We clearly observe increased Moho depth toward our western stations from the 1D inversion (Figures 7 and 8) . Close analysis of our tangential receiver function stacks from southeastern azimuths shows tangential Ps energy arriving at the same time as the radial energy with opposite polarity (Figures 10d and 10e ). This pattern is suggestive of a north dipping Moho (Figure 10f ) as might be expected from our experiment location on the northern margin of the extended Basin and Range province.
Conclusions
[42] We combined teleseismic waveform data from a PASSCAL short-period seismic network and broadband stations of the USArray transportable array to determine crustal thickness variations and rock properties beneath the northwest Basin and Range region. Our results show a general trend of westward crustal thickening from 29.5 km in the east to 36.5 km in the west across the western boundary of the Basin and Range province. Although the USArray data are better than the short-period data both because of higher signal-to-noise and generally longer recording times, the short-period sensors also produced receiver functions that show the same crustal thickening. With 8 months data, 20% of our short-period stations gave good H-k results (category A stations) and 30% gave adequate results (category B). Thus these short-period sensors may supplement and densify broadband arrays, but cannot easily replace them.
[43] The two inversion techniques we employed, the H-k [Zhu and Kanamori, 2000] and neighborhood algorithm [Sambridge, 1999] methods, demonstrate regional trends of bulk crustal properties and of the vertical variation of these properties with depth as we go from the more extended parts of the Nevada Basin and Range province to the less extended volcanic plateau further west.
[44] In summary we find (1) lower V p /V s in the upper crust than in the lower crust as is commonly observed worldwide; (2) mean crustal V p /V s of the Modoc plateau (MOD and MO6C) of $1.82 that is clearly above the global continental average presumably documenting crust that is more mafic than average; and (3) mean crustal V p /V s of a narrow zone in northwestern Nevada of $1.72, clearly below the global mean, which we believe marks the location of the Cretaceous Sierra Nevada batholith. We also found a northward Moho dip (Figure 10d ) from our receiver function data and a NW-SE oriented crustal anisotropy (Figure 10c ) consistent with the dominant NW-SE oriented Cenozoic extension direction
[45] The receiver function technique, even with shortperiod stations, is an effective tool to constrain Moho depth, and the variation of V p /V s with depth. Comparisons of our receiver function crustal models with existing models from our wide-angle refraction profile show a reasonable correlation in terms of crustal thickness. Although the absolute crustal velocities from the receiver function technique are not so well resolved as from the wide-angle profile, the receiver function technique provides V s data, which in combination with the wide-angle V p , allow better interpretation of crustal lithology.
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